The proteins in DUF358 family are all bacterial proteins, which are ∼200 amino acids long with unknown function. Bioinformatics analysis suggests that these proteins contain several conserved arginines and aspartates that might adopt SPOUT-class fold. Here we report crystal structure of Methanocaldococcus jannaschii DUF358/Mj1640 in complex with S-adenosyl-L-methionine (SAM) at 1.4 Å resolution. The structure reveals a single domain structure consisting of eight-stranded b-sheets sandwiched by six a-helices at both sides. Similar to other SPOUT-class members, Mj1640 contains a typical deep trefoil knot at its C-terminus to accommodate the SAM cofactor. However, Mj1640 has limited structural extension at its N-terminus, which is unique to this family member. Mj1640 forms a dimer, which is mediated by two parallel pairs of a-helices oriented almost perpendicular to each other. Although Mj1640 shares close structural similarity with Nep1, the significant differences in N-terminal extension domain and the overall surface charge distribution strongly suggest that Mj1640 might target a different RNA sequence. Detailed structural analysis of the SAM-binding pocket reveals that Asp157 or Glu183 from its own monomer or Ser43 from the associate monomer probably plays the catalytic role for RNA methylation.
Introduction
Natural nucleotides are frequently modified, which are functionally important for their proper folding, stability and pathogen defense. Numerous modifications on transfer RNA (tRNA), ribosomal RNA (rRNA) and spliceosomal RNA are observed (Matera and Shpargel, 2006) . Among them, 2 ′ -O-methylation of the ribose sugar is one of the most common types of tRNA modifications (Hou and Perona, 2010) , whereas pseudouridine methylation is one of the most abundant rRNA modifications in bacteria (McStay and Grummt, 2008) . Methyltransferases comprise a large family of enzymes that transfer the methyl group of S-adenosyl-L-methionine (SAM) to DNA, RNA and proteins as well as small molecules (Anantharaman et al., 2002) . Among them, SPOUT methyltransferase characterized by a conserved deep trefoil knot at its c-terminus for SAM binding and dimerization represents a superfamily protein for RNA methylation (Nureki et al., 2002) . SPOUT family members display methylation activities for a broad spectrum of substrates, including guanine N1 (Watanabe et al., 2006) , uridine N3 (Tkaczuk et al., 2007) , pseudouridine N3 (Purta et al., 2008) and pseudouridine N1 (Wurm et al., 2010) . Although numerous crystal structures from this superfamily have been reported, the functional analyses of SPOUT family members are limited to few characterized members, such as TrmH and TrmD (Elkins et al., 2003; Watanabe et al., 2005; Watanabe et al., 2006) .
Recent comprehensive bioinformatics analysis reveals that many protein families with novel sequences, such as DUF358 and DUF531, belong to the SPOUT superfamily (Tkaczuk et al., 2007) . To gain structural insights into the function of DUF358, we determined the structure of DUF358 from Methanocaldococcus jannaschii (Mj1640) in complex with SAM at 1.4 Å . The high resolution structure of Mj1640 reveals a single domain structure with a typical deep trefoil knot belonging to SPOUT-class methyltransferase at its C-terminal core (Nureki et al., 2002) . Mj1640/ DUF358 shares close similarities on overall structural and regional structural motifs with rRNA methyltransferase Nep1 (Leulliot et al., 2008; Taylor et al., 2008; Wurm et al., 2010) . However, Mj1640 displays a distinct surface charge distribution from any other known SPOUT family members, which suggests that DUF358 protein might be a unique SPOUT-class RNA methyltransferase targeting an unknown RNA sequence.
During the functional analysis of Mj1640 and preparation of this manuscript, two DUF358 structures from structural genomics efforts have been deposited in the protein data bank (PDBID: 2qmm and 2qwv). The structural comparison of these two structures with Mj1640 structure reveals a highly conserved surface for putative RNA binding.
Results and discussion
Overall structure of M. jannaschii DUF358/Mj1640
The M. jannaschii DUF358 (Mj1640) was determined by multiple anomalous dispersion on seleno-methionine substituted mutant crystal diffracted to 1.55 Å resolution at space group C2 and further refined at space group P2 1 on wild type crystal diffracted to 1.4 Å resolution. There is one molecule per asymmetric unit for space group C2 and two molecules per asymmetric unit for space group P2 1 ( Table 1) . The model comprises residues 1-205 of protein and one bound cofactor (SAM) per molecule for space group C2 and residues 1 -200 of protein and one bound cofactor (SAM) per molecule for space group P2 1 (Table 1) . Mj1640 structure displays a single domain structure consisting of an eightstranded b-sheet (b4 , b5 , b3 , b2 , b1 , b7 , b6 and b8 ) sandwiched by one layer of a-helices (a1 and a6) on one side and one layer of a-helices (a3, a4 and a5) on the other side ( Figure 1) . The unique deep trefoil knot belonging to SPOUT-class methyltransferases is formed by threading the last C-terminal a-helix (a6) and the loop leading to a6 through a hoop connecting b7 and b8 ( Figure 1B and C) . The N-terminal half of the protein contains three-stranded b-sheet (b4 , b5 and b3 ) surrounded by a short a-helix (a3) and the longest a-helix (a2) traversing from one side to the other side ( Figure 1B) . Notably, the three-stranded b-sheet, anti-paralleled to the N-terminal five-stranded b-sheet, is part of the eightstranded b-sheet ( Figure 1C) . Therefore, unlike other SPOUTclass members, Mj1640 has only one domain structure with the N-terminal extension as an integral part of the structure. Moreover, a highly conserved proline-rich motif (Pro60-X-Pro62-Pro63), located at the b-turn connecting b2 and b3 and stabilized by conserved Arg116 residue, adopts cis-proline conformation in our well-refined high-resolution Mj1640 structure (Supplementary Values for the highest-resolution shell are in parentheses. Figure S1 ). Such unique and highly conserved cis-conformation probably plays a crucial role to integrate the N-terminal extension module into C-terminal SPOUT-core fold ( Figure 1B and C).
The deep trefoil knot and SAM bound site
Although no cofactors were added for crystallization, crystallographic analysis of the deep trefoil knot of Mj1640 at 1.4 Å resolution reveals a clear density map, which includes the adenine base moiety, the sugar base moiety and the methionine moiety ( Figure 2A ). The distinctive feature of the unexpected electron density unambiguously indicates that this density belongs to an SAM molecule co-purified with the Mj1640 from a bacterial cell ( Figure 2B ). In addition, typical deep trefoil knot together with SPOUT-class methyltransferase fold revealed by Mj1640 structure demonstrates that SAM is a real cofactor of Mj1640 ( Figure 1B and C). Like the conformation of the SAM molecule at other a/b knot protein family, SAM at the Mj1640 structure adopts a bent conformation bringing the methionine moiety in close proximity to the adenine moiety (Figure 2A and C). The adenine moiety of the bound SAM is buried within a highly conserved hydrophobic pocket formed by Leu136, Leu179, Leu182 and Leu184 ( Figure 2C) . Furthermore, N1, N6 and N7 atoms of adenine moiety form multiple hydrogen bonds with the backbones of Leu179, Ser180, Leu182 and Leu184 ( Figure 2C ). The ribose moiety of the bound SAM is involved in extensive hydrogen bonding by direct hydrogen bonding between ribose O2 ′ and carbonyl oxygen of Leu136 as well as direct hydrogen bonding between ribose O3 ′ and hydroxyl group of Gly156 ( Figure 2C ).
The position of the methionine moiety of SAM is unambiguously assigned at our structure due to the well-displayed ultra-high resolution electron density map ( Figure 2A ).
Mj1640/DUF358 functions as a dimer
All SPOUT-class members studied to date were found to be dimers, with a large surface area buried upon dimerization (Tkaczuk et al., 2007) . There are two different modes of dimerization discovered so far. One group of SPOUT-class members represented by TrmH form dimers with two bundles of a-helices from each monomer oriented in a nearly perpendicular mode (Nureki et al., 2004) , whereas another group of SPOUT-class members represented by TrmD form dimers with two bundles of a-helices from each monomer oriented in an anti-parallel mode (Ahn et al., 2003) . Nevertheless, in all structures, the cofactorbinding loop in the knot from one monomer is stabilized by interactions with that of the other monomer. Hence, the active site is located at the dimerization interface. Like TrmH dimer, Mj1640 forms dimer in solution with apparent molecular weight of 45.3 kDa ( Figure 5 ). Mj1640 structure demonstrates that dimerization of DUF358 is mediated by a four a-helix bundle with the two parallel pairs of a-helices (a1 and a6) oriented almost perpendicular to each other. In addition, two well-conserved small loop motifs (Leu42-Asp45 and Leu179-Leu184) are protruding from one monomer to the associate monomer to further stabilize the dimerization (Supplementary Figure S2) . Therefore, Mj1640 dimer is tightly packed against each other with the buried surface area of 2500 Å 2 per monomer ( Figure 3A) .
Structures of similar proteins
To identify structurally similar proteins of Mj1640, we performed the 3D search using the DALI-server (www2.ebi.ac.uk/dali). In addition to two DUF358 structures recently deposited by structural genomics program (PDBID: 2qmm and 2qwv), the best matches are Nep1 (2v3j, Z-score 15.7, r.m.s. 2.5 Å , 163 Ca) (Taylor et al., 2008) , Emg1 (3bbe, Z-score 14.2, r.m.s. 2.7 Å , 163 Ca) (Leulliot et al., 2008) , RsmE (1nxz, Z-score 10.7, r.m.s. 2.4 Å , 129 Ca) (Forouhar et al., 2003) , TrmH (2i6d, Z-score 11.0, r.m.s. 2.9, 127 Ca) (Nureki et al., 2004) and TrmD (1p9p, Z-score 8.1, r.m.s. 3.3 Å , 120 Ca) (Ahn et al., 2003) . All these five proteins display the common core fold of SPOUT-class methyltransferase harboring a deep trefoil knot in its C-terminal half. This observation is consistent with recent bioinformatics analysis suggesting that DUF358 (SPOUT-COG1901) displays close relationship to Emg1 (SPOUT-COG2106) and RsmE (SPOUT-COG1385) (Tkaczuk et al., 2007) . DUF358 protein is proposed as a putative either M3U or m1G or m1-pseudouridine methyltransferase based on the close structural relationship to Nep1, a pseudouridine-N1-specific rRNA methyltransferase (Wurm et al., 2010) and RsmE, a N3-specific rRNA methyltransferase (Basturea et al., 2006) . However, there is no detailed structure and function analysis to support this hypothesis yet.
To deduce the potential biological functions of DUF358 protein, we performed a structural comparison of Mj1640 dimer with AfDUF358 (2qmm) and MjNep1 (3bbd), both displaying close structural similarities and adopting two pairs of parallel a-helices at the dimeric interface ( Figure 3A) . Even though DUF358 resembles the closely structural similarity with other SPOUT-class family members, DUF358 has minimal addition to the core fold. The N-terminal associated domain extended from the deep trefoil knot core is proposed to facilitate RNA binding and probably determine the RNA specificity. Therefore, the significant differences at the N-terminal extended domain indeed dramatically change the overall surface and potential charge distribution of DUF358. Although DUF358 shares close structural similarity with Nep1, the overall surface charge distribution is largely different among these two SPOUT-class members (right panels, Figure 3A and B vs. Figure 3C) . Different from the continuous positively charged groove along the dimerization interface displayed by MjNep1, both Mj1640 and AfDUF358 display a small positive patch far apart from the SAM-binding pocket, which is unique for DUF358 members (right panels, Figure 3A and B).
Putative active center
The structural mechanisms of SPOUT-class family catalyzed RNA substrate methylation are only clarified at several limited members (Basturea et al., 2006; Christian and Hou, 2007; Ochi et al., 2010; Wurm et al., 2010) . In TrmH, Asn35 displays a key role in the binding of tRNA and the release of the AdoHcy product. In the presence of SAM, Asn35 also contacts the conserved residues Glu124 and Asn152 through the formation of hydrogen bonds (Nureki et al., 2004) . In TrmD, an aspartate, which is 4.8 Å apart from the sulfur atom of the bound SAM, is identified as the catalytic base, which deprotonates the guanine N1 imino group prior to the methyltransferase step (Ahn et al., 2003) . In RsmE, well-conserved residues Arg224, Gln141 and Glu101 form the putative active site, which is similar to TrmH (Forouhar et al., 2003) . In MjNep1, two positively charged patches probably form the putative active site and contribute to RNA binding. However, the conserved residues within this motif are probably not directly involved in catalytic reaction because these residues are far apart from the sulfur atom of the bound SAM (Taylor et al., 2008) .
Structural comparison of Mj1640 with MjNep1 reveals that Mj1640 resembles not only the overall structural similarity but also some conserved structural motifs with MjNep1 ( Figure 4A ). In the MjNep1 structure, the arginine-rich patch (RXXRXXXR) and a highly conserved Arg-Pro-Asp-Ile motif are proposed as important for RNA binding (Taylor et al., 2008; Wurm et al., 2010) (Figure 4A) . Strikingly, a similar 3D structure, the similar structural motif (Arg-Leu-Asp-Leu) and even similar hydrogen bonding are observed within Mj1640 structure ( Figure 4B) . The remarkable structural similarities between MjNep1 and Mj1640 suggest that these two family proteins probably share similar RNA substrates. Consistent with this hypothesis, our gel filtration analysis demonstrates that Mj1640 is able to bind to MjNep1 substrate (5 ′ -GACUCAACGCC-3 ′ ) (Wurm et al., 2010) , although the binding affinity is somehow weak ( Figure 5) . Different from the MjNep1 structure, Mj1640 harbors several potential catalytic residues within 5 Å distance of sulfur atom of SAM. Methionine SG atom of SAM is only 4 Å distance apart from the side chain of Glu183 and 4.5 Å distance apart from the side chain of Ser43 of the associated dimeric molecule ( Figure 4C and D) . Although Glu183 is not conserved whereas Ser43 is partially conserved within DUF358 family members, either Lys or Ser is observed for other DUF358 members at the similar location as Glu183 at Mj1640, whereas either Asn or Gln is observed for other DUF358 members at the similar location as Ser43 at Mj1640 ( Figure 1A ). In addition, the closest highly conserved Asp157 is only 5.5 Å apart from SAM SG atom although the side chain of Asp157 points 1808 away from the sulfur atom ( Figure 4D) . Notably, all these putative catalytic residues are located at the flexible loops linking conserved secondary structural motifs ( Figure 4D ), therefore significant conformational change could be triggered by RNA binding and enable these residues to play a role in catalysis. Alternatively, owing to the partially disordered Met part of bound SAM, other conserved residues 10 Å apart from current modeled Met position could play a role in catalysis. The significant differences of sequence and charge distribution between MjNep1 and Mj1640 as well as the different loop orientations surrounding the SAM-binding pocket suggest that Mj1640 probably recognizes a similar but different RNA substrate compared with that of MjNep1 (Figures 3 and 4) . Nevertheless, the structural similarity between Mj1640 and MjNep1 suggests that DUF358 is probably evolutionarily close to Nep1. Therefore, similar to MjNep1, Mj1640 might target rRNA instead of tRNA. Consistent with this notion, Mj1640 displays very week methylation activity toward tRNA substrate in vitro (Y.-M. Hou at Thomas Jefferson University, personal communication).
Materials and methods

Protein purification and crystallization
The full length MjDUF358 (Mj1640) gene was PCR amplified from genomic DNA and the recombinant MjDUF358 was generated by cloning into pET28b (Novagen) vector with an N-terminal His-tag. For structure determination purpose, MjDUF358 double mutant (L192M/L193M) was prepared using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Recombinant Mj1640 and its mutant were expressed in Escherichia coli (BL21/DE3 strain) overnight at 208C induced by 0.4 mM isopropyl b-D-thiogalactoside. Selenomethionine (Se-Met)-substituted Mj1640 mutant was prepared by following the protocol described in the literature (Doublié, 1997) . Proteins were purified through Ni 2+ affinity column followed by HiLoad Superdex S-75 26/60 column. The purified protein was concentrated to 20 mg/ml in a Centriprep-30 (Amicon).
Crystals of MjDUF358 were grown at 208C by mixture of 1.0 ml of protein with 1.0 ml of reservoir containing 20% polyethylene glycol 3350, 25 mM NH 4 F, 20 mM MgCl 2 , 100 mM Tris (pH 7.5). These crystals grew to a maximum size of 0.3 × 0.3 × 0.2 mm 3 over the course of 3 days. Crystals of Se-Met labeled Mj1640 double mutant were grown at a similar crystallization condition.
Data collection and structure determination
Crystals were flash frozen (100K) in the above reservoir solution supplemented with 30% glycerol. A three-wavelength MAD data set was collected on a Se-Met Mj1640 double mutant crystal and processed by HKL2000 (www.hkl-xray.com). The mutant structure (space group C2) was determined by multiwavelength anomalous dispersion using SOLVE/RESOLVE (www.solve.lanl .gov), whereas the native structure (space group P2 1 ) was solved by Molrep within CCP4 package (www.ccp4.ac.uk)
The model was built by using the program O (http://xray.bmc. uu.se/alwyn) and refined using REFMAC/CCP4 (www.ccp4.ac.uk) with the crystallographic statistics listed in Table 1 .
Analytical gel filtration
Mj1640 protein was analyzed on Superdex 200 10/300 GL column with a flow rate of 0.5 ml/min and an injection volume of 0.1 ml. All the experiments were performed in a buffer of 25 mM Tris base and 100 mM NaCl (pH 7.4). The column was calibrated by using the low-molecular-weight gel filtration kit from GE Healthcare (www.ge.com) and the corresponding curves were established by OriginPro 7.5.
PDB accession code
The coordinates have been deposited in the PDB under the accession code 3AI9 (space group C2) and 3AIA (space group P2 1 ).
Supplementary data
Supplementary data are available online at http://jmcb. oxfordjournals.org.
